The lateral etch rate of the epitaxial lift-off ͑ELO͒ process was determined as a function of the total HF concentration C HF and the O 2 partial pressure P O 2 . For this purpose samples were grown by metallorganic chemical vapor deposition and etched using a weight-induced ELO process. It was found that the etch rate increases linearly with C HF , which is in accordance with the model on the ELO process presented in a previous paper. This result and composition calculations of HF solutions show that the first step in the etch process of AlAs with an HF solution most probably takes place by chemical attack of undissociated HF on AlAs surface bonds. Furthermore, it is shown that the ELO rate increases slightly over a P O 2 range varying from 0.046 to 0.98 atm and that for P O 2 = 0.003 atm, a significantly lower etch rate is found. We suggest that the observed decrease is the result of surface passivation by elemental arsenic, which is formed by the reaction of AlAs with H
The epitaxial lift-off ͑ELO͒ technique, in which a III/V device structure is separated from its GaAs substrate by using selective wet etching of a thin Al x Ga 1−x As ͑x Ͼ 0.6͒ release layer and transferred to a foreign carrier, allows the production of single-crystalline thin films of III/V materials. 1 Application of this technique is interesting for the optoelectronics industry because use of thin-film devices results potentially in a more efficient transfer of generated heat from device to carrier or heat sink and significantly reduces the amount of material needed by reuse of the substrates. 2 This is of particular importance for intrinsically large-areas, thus expensive, devices like high-efficiency III/V solar cells, 2, 3 and the integration of III/V-based components with, for example, silicon-based devices. 4, 5 Recently, at our institute thin-film GaAs solar cells, based on the ELO technique, reached record efficiencies of 24.5%. 6 This is close to the highest efficiency of 25.1% reported for regular GaAs cells on a GaAs substrate, 7 which indicates that this technique is not detrimental to the quality of the thin-film device.
In the ELO process ͑see Fig. 1a͒ the AlAs release layer is etched with hydrofluoric acid ͑HF͒, which leads to the formation of gaseous arsine ͑AsH 3 ͒, solid aluminum fluoride ͑AlF 3 ·3H 2 O͒, and dissolved aluminum fluoride complexes as the major reaction products. 8 This reaction is most likely described by a set of overall reactions given by AlAs + 3HF + 6H 2 O → AsH 3 + ͓AlF n ·͑H 2 O͒ 6−n ͔ ͑3−n͒+
with n = 0,1,2,3. In a previous work, 9 the ELO process was described by a diffusion and reaction related model ͑DR-model͒, which is based on the notion that the overall etch rate V e is determined by both the diffusion of HF to the etch front and its subsequent reaction ͑see Fig. 1b͒ . According to this model V e is given by
in which ͓HF͔ l=L is the HF concentration in the bulk of the solution and R d + R r the resistance of the etch process. The total resistance consists of a diffusion and a reaction related resistance, respectively R d and R r , which can be expressed as
where r is the radius of curvature of the thin film, h the release layer thickness, ͓AlAs͔ the molar concentration of solid AlAs, D 0 the * Electrochemical Society Active Member.
z Email: Ton.vanNiftrik@science.ru.nl Figure 1 . ͑Color online͒ Schematic cross section of the ͑a͒ weight-induced ELO setup, and ͑b͒ detail of ͑a͒ indicating the diffusion and reaction regime of the process. The concentration of HF is lowest at the etch front, where it is consumed ͓͑HF͔ l=0 ͒ and gradually increases with the distance from the etch front until the bulk concentration ͓͑HF͔ l=L ͒ is reached at a certain distance l = L. Note that the dimensions are not to scale.
diffusion coefficient at infinite temperature, E a,d the activation energy associated with the diffusion of HF, k B the Boltzmann constant, T the temperature, A the Arrhenius constant and E a,r the activation energy of the surface reaction. The DR-model was tested by several series of experiments, which showed that the ELO etch rate is reaction rate related by its dependence on the composition of the release layer, and diffusion rate related by its dependence on the thickness of the release layer. In contrast to the model that was previously described in the literature, 4,10 it was found that the DR-model yields etch rates that are in quantitative agreement with those obtained experimentally.
In 2002, bulk etch experiments 11 showed that the etch rate of Al x Ga 1−x As ͑0.65 ഛ x ഛ 1.0͒ layers depends linearly on the HF concentration, which is in accordance with the DR-model ͑see Eq. 2͒. It should be noted, however, that this result was obtained over a relatively small range of HF volume percentages ͑1-10%͒. Aqueous HF solutions with a HF percentage up to 48% are commercially available. This corresponds to a total HF concentration C HF of 24 mol kg −1 . In an aqueous solution, HF can give rise to H + , F − , HF 2 − , and H 2 F 3 − and the composition of the HF solution may vary strongly with C HF . Therefore, in the present work the ELO process was studied over a wide range of C HF -values.
Another bulk etch study 8 showed that oxygen ͑O 2 ͒ is required to maintain the AlAs etch process with HF. Therefore, in the present work a second series of experiments was performed to study the ELO etch rate as a function of the O 2 concentration.
Experimental
All samples examined in this study were grown on 2 in. diam undoped GaAs wafers with crystal orientation ͑001͒, 2°off toward ͗110͘ using low-pressure metallorganic chemical vapor deposition ͑MOCVD͒ in a horizontal Aixtron 200 reactor. Source materials were trimethyl-gallium and trimethyl-aluminum as group-III precursors and arsine and phosphine as group-V precursors. Disilane was used as dopant precursor to obtain n-type doping for the release layer; all other layers were undoped. Each growth run was performed at a temperature of 650°C and a pressure of 20 mbar.
In the past, the ELO process was generally performed with Al x Ga 1−x As ͑x Ͼ 0.6͒ release layers. In previous work, 9 however, it was shown that a similar etch behavior was found for AlAs 1−y P y ͑0 ഛ y ഛ 0.8͒ release layers. Furthermore, it was found that the ELO etch rate is highest for AlAs 1−y P y release layers with a P content of 2-3% and a release layer thickness of 10 nm. Therefore, layer structures were grown with a 10 nm thick AlAs 0.98 P 0.02 release layer between the GaAs top layer and GaAs substrate ͑plus buffer layer͒, as shown in Fig. 2 . The AlAs 0.98 P 0.02 release layer was deposited at a rate of ϳ1.5 m h −1 ͑V/III ratio = 204͒, and the GaAs layers were grown at 1.87 m h −1 ͑V/III ratio = 121͒. The solid composition of the AlAs 0.98 P 0.02 layer was determined by X-ray diffraction using a Bruker D8 diffractometer.
After deposition, the wafers were cleaved in pieces of 10 ϫ 10 mm. Then, a flexible carrier was mounted on top of the samples using double-sided tape. The samples were etched using a weight-induced ELO ͑WI-ELO͒ process ͑see Fig. 1a͒ . Lift-off of the thin-film structure from its substrate was obtained by mounting the sample with its flexible carrier upside down on a support rod in a plastic container. A weight attached to the flexible carrier bends open the crevice between the substrate and the thin film with a radius of curvature of ϳ40 mm. The HF solution was stored in a separate reservoir of ϳ500 mL, the temperature of which could be regulated with an accuracy of ϳ0.5°C. From this reservoir, a continuous flow of HF solution at a temperature of 64.7°C was applied to one side of the sample. During etching, images of the sample were taken every ϳ1 s with a charge coupled device ͑CCD͒ camera to monitor the process and to measure the etch time required to completely release the thin film from the substrate ͑see also Ref.
12͒. After etching, the samples were rinsed in nanopure water and carefully blown dry with nitrogen.
To determine the ELO etch rate as a function of the O 2 concentration ͓O 2 ͔ aq in the HF solution an oxygen-nitrogen gas mixture with an adjustable O 2 /͑O 2 + N 2 ͒ ratio was bubbled through the HF solution in the reservoir. The total gas flow of this mixture was kept constant at 2 L min −1 and was initiated one hour before each experiment. At equilibrium ͓O 2 ͔ aq can be described by
with k O 2 the equilibrium constant and P O 2 the O 2 partial pressure. P O 2 can easily be determined using gas chromatography ͑GC͒. However, the HF saturated gas phase is detrimental to the GC equipment. Therefore, the HF solution in the reservoir was replaced by plain water to determine P O 2 as a function of the O 2 /͑O 2 + N 2 ͒ ratio of the gas flowing through the solution. After stabilizing the flow for 1 h, 100 L gas samples were taken from the plastic container of the ELO setup using a gas-tight syringe and injected into an Agilent 6890N GC. The gas compounds were divided over a HP Porapak Q Column ͑1.83 m long; 3.18 mm diam; 80/100 mesh͒ and a molecular sieve column ͑1.83 m long; 3.18 mm diam; 60/80 mesh͒ using helium as carrier gas at a flow of 24 and 8.4 mL min −1 , respectively. The separated compounds were quantified via a thermal conductivity detector. The temperatures of the injector, column, and detector were 125, 65, and 200°C, respectively. The results show that P O 2 increases linearly with the O 2 /͑O 2 + N 2 ͒ ratio and that the lowest and highest O 2 partial pressures reached were 0.003 and 0.98 atm, respectively, the former indicating that the oxygen cannot be completely excluded from the solution and the reservoir.
In the present work, the concentrations of the species in the HF solution were calculated as a function of C HF and T. Furthermore, in a first series of experiments, the ELO etch rate was studied for HF solutions with C HF ranging from 0 to 24 mol kg −1 at P O 2 = 0.21 atm ͑air͒. In a second series of experiments, the ELO etch rate with a C HF = 10 mol kg −1 ͑or 20% HF͒ solution was studied with P O 2 varying between 0 and 1 atm. For each process condition, five samples were examined and used to determine the average lateral etch rate and corresponding standard deviation.
Results and Discussion
Calculated composition of aqueous HF solutions.-HF is a weak acid and is not fully dissociated in an aqueous solution. Moreover, it can form with F − and undissociated HF, the species HF 2 − and H 2 F 3 − , respectively. At 25°C, the equilibrium constants for the system are 14, 15 Figure 2. Schematic cross section of the layer structures with the thin-film GaAs layer and GaAs substrate ͑plus buffer layer͒ separated by an AlAs 0.98 P 0.02 release layer.
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These equilibrium constants ͑K eq ͒ depend on the temperature according to
where ⌬ is the difference in Gibbs free energy. Furthermore, following the conservation of charge the proton concentration must be equal to the total concentration of the negative fluoride ions F − , HF 2 − , and H 2 F 3
and according to the conservation of mass the total concentration of species in the HF solution depends on C HF , as described by
Equations 6-9 can be used to calculate the concentrations of the species in the HF solution as a function of C HF and T. Since it is difficult to determine analytically the concentration of these species, the equations were solved numerically. In Fig. 3a , the molar fraction of the species with respect to C HF is plotted as a function of C HF at 65°C. The most abundant species for HF solutions with C HF Ͼ 1 mol kg −1 is HF. In Fig. 3b , the absolute concentration of the species is plotted as a function of C HF at 65°C. For HF solutions between 0 and 25 mol kg −1 , the concentration of the HF molecules increases almost linearly from 0 to 14 mol kg −1 . It should be noted, however, that the use of concentrations instead of activities leads to small inaccuracies due to the nonideal nature of fluoride solutions. with V e the etch rate in millimeter per hour. In a previous work, 8 it was suggested that the first step in etching of AlAs by aqueous HF could be due to either the dissociated species ͑H + and F − ions͒ or the undissociated acid ͑HF, HF 2 − , and H 2 F 3 − ͒ as shown in Fig. 5a and b, respectively. Because of the difference in electronegativity of Al and As, the Al-As surface bond is expected to be polarized. Proton attack on the "negatively charged" As leads to the rupture of the Al-As bond and the formation of a new As-H bond ͑step 1 of Fig. 5a͒ . At the same time, the positively charged Al can be complexed by either F − ͑step 2͒ or H 2 O ͑step 3͒. If the remaining back bonds to As and Al react in the same way as in steps 1-3, then AsH 3 and either AlF 3 or Al͑H 2 O͒ n 3+ will be formed. Alternating attack on a surface Al atom by F − and H 2 O will give rise to a mixed fluoro-aqua complex ͓AlF n ͑H 2 O͒ ͑6−n͒ ͔ ͑3−n͒+ , with n = 1,2,3. In principle, attack on a surface Al-As bond by the undissociated acid, as occurs for InP in HCl, 16 is also possible ͑see Fig.  5b͒ . This leads to the rupture of an As-Al bond, and the formation of an As-H and an Al-F bond in a single step. The result will be the same as for step 2 of Fig. 5a . Subsequent reactions with F − or HF and/or H 2 O will lead to the same products.
In order to explain the experimentally obtained ELO etch rates, it was concluded in a previous study 9 that the etch process is determined by an HF species with a concentration close to that of the total HF solution. If it is assumed that the equilibrium reactions between the dissociated and undissociated HF species are slow compared to the AlAs reaction with these species, then the contribution of each mechanism to the actual etch process can be determined by comparing the concentration of dissociated HF species with that of the undissociated HF species. Figure 3 shows that for C HF above 1 mol kg −1 
indicating that the first step in etching of AlAs by aqueous HF must occur predominantly by the attack of the undissociated acid. This leads to the rupture of an As-Al bond, and the formation of an As-H and an Al-F bond in a single step. In view of the high concentrations of undissociated HF species, the majority of the further reaction mechanism is also expected to be similar to the etching of InP in a concentrated HCl solution. 16 This means that subsequent reactions with undissociated acid lead to the formation of AsH 3 and AlF 3 AlAs + 3HF → AsH 3 + AlF 3 ͓12͔
in which AlF 3 is subsequently hydrolyzed. As shown in Fig. 4 , for C HF = 20 and 24 mol kg −1 etch rates were found of 52 ± 4 and 53 ± 2 mm h −1 , respectively. These data points show a clear deviation from the linear fit, which indicates that the ELO process is limited in some way not accounted for by the DR-model. This could be the relatively slow or incomplete dissolution of reaction products under these particular conditions resulting in an accumulation of reaction products close to the etch front. 9 According to Eq. 1, the ELO process overall requires 3 moles of HF and 3-6 moles of H 2 O per mole of AlAs. This implies that for the chemical attack of the release layer and subsequent dissolving of reaction products to transport them away from the etch front both HF and H 2 O molecules are required in a ratio of about 1:2 ͑see Eq. 1͒. Of course, there is more than sufficient HF and H 2 O in the total solution but because the exchange of molecules through the narrow slit leading to the etch front ͑see Fig. 1͒ is difficult, the local ratio of molecules at the etch front becomes an important factor in the etch process. In Fig. 6 , the total water concentration C H 2 O is plotted as a function of C HF . According to Fig. 6 , there is an excess of H 2 O compared to the total HF for solutions with a relatively low C HF and the dissolution of the reaction products is not expected to slow down the overall ELO process rate. For increasing C HF values, however, the C H 2 O /C HF ratio reduces and, consequently, the dissolution and removal rate of the reaction products is expected to reduce. The subsequent accumulation of reaction products at the etch front adds to the total resistance of the ELO process ͑see Eq. 2-4͒ that is not accounted for in the DR-model. This mechanism provides a possible explanation for the fact that for C HF Ͼ 15 mol kg −1 , the ELO etch rates show a clear deviation from its linear relation with C HF . However, further research is required to determine the exact role of water on the etch mechanism. It should be noted that in an aqueous solution, there is much controversy over the nature of undissociated HF and questions about whether it actually exists as a complex with a water molecule. Therefore, it would be interesting to replace the water solvent with acetonitrile for a following study. 8 showed that oxygen ͑O 2 ͒ is required to maintain the AlAs etch process with HF. Therefore, the influence of oxygen on the ELO etch process was investigated by bubbling an oxygen/nitrogen gas mixture with a variable O 2 /͑O 2 + N 2 ͒ ratio through the etch solution. In Fig. 7 , the lateral etch rate is shown as a function of P O 2 in the HF reservoir. Over a P O 2 range varying from 0.046 to 0.98 atm, the etch rate increases slightly from 32 ± 3 to 40 ± 2 mm h −1 with the O 2 partial pressure. The best linear fit through these data points yields V e = 10.1P O 2 + 31.6 ͓13͔
Influence of oxygen.-Previous work
For P O 2 = 0.003 atm, however, a markedly lower ELO etch rate of 12 ± 1 mm h −1 was found. These results are in line with previous work, 8 where bulk etch experiments performed in an O 2 -rich atmosphere showed an AlAs etch rate ϳ30% higher than in an O 2 -poor atmosphere, and a premature halt of etching ͑V e = 0͒ in a 100% N 2 atmosphere. This indicates that O 2 maintains the ELO process in some way.
To discuss the role of O 2 in the ELO process, information is required on the solubility and diffusion data of O 2 in HF solutions. Unfortunately, we were unable to trace these data in the literature, so we now use instead data related to the solubility and diffusion of O 2 in water from Ref. 13 9 it is found that O 2 diffusion would limit the ELO etch rate to a maximum of only a few micrometers per hour if it was required in the dominant reaction with AlAs. Because the experimentally obtained etch rates are several orders of magnitude larger, it is clear that O 2 cannot be directly involved in this process.
In previous work, 8 an AlAs bulk etch experiment was performed with a C HF = 0.25 mol kg −1 HF solution in a 100% N 2 atmosphere. The process suddenly stopped after etching 60-70% of the total amount of AlAs. It was suggested that the AlAs surface might be blocked or passivated by the formation of elemental As. Therefore, we assume that the passivation observed in an oxygen-poor atmosphere is caused by the formation of some elemental As at the etch front. This process is most likely the reaction of AlAs with protons ͑H + ͒ leading to the formation of hydrogen ͑H 2 ͒ and oxidized Al
The Al 3+ ions may subsequently react with the solution, as described in the previous section, leaving the elemental As at the surface. The stable form of As is As 4 , but two arsenic atoms may also form the metastable As 2 molecule. One would therefore expect the formation of either As 2 or As 4 at the surface layer passivating the etching process in the absence of dissolved O 2 in the HF solution. The experiments clearly demonstrate the influence of the presence of oxygen during the etching process: preventing passivation and maintaining the etch process. According to the electrochemical series of Ref. 17 , an oxidation reaction leading to the formation of arsenic trioxide ͑As 2 O 3 ͒ can be described by
Using Eq. 14 and 15, the overall reaction to describe the passivation/ oxidation process is given by
in which Al 3+ subsequently reacts with H 2 O and/or HF to yield one of the aluminum fluoride complexes ͑see Eq. 1͒. In previous work 8 on the AlAs bulk etching with HF solutions, besides AsH 3 and the aluminum fluoride complexes as the major reaction products, small amounts of hydrogen ͑H 2 ͒ and oxidized arsenic ͑probably As 2 O 3 ͒ were also found.
These results correlate well with the description of the ELO etch process given in the present work, i.e., a primary etch process according to Eq. 1, supported by a secondary reaction according to Eq. 16. Based on the concentration of H + compared to that of the undissociated HF ͑see Fig. 3͒ , one would estimate that maximally ϳ10% of the AlAs etching proceeds according to the secondary process yielding elemental arsenic as an intermediate product. This indicates that the AlAs reaction with ͑undissociated͒ HF is scarcely obstructed by the passivation/oxidation reaction under the usually applied conditions which indicates that HF can etch around the elemental arsenic. However, under oxygen-poor conditions a passivating arsenic film can develop, which covers the etch front and completely blocks the AlAs reaction with HF after a certain period of time.
Conclusion
The lateral etch rate of the AlAs release layer in the ELO process was determined as a function of C HF in the aqueous HF solution. Over a C HF range varying from 0 to 15 mol kg −1 , it was found that the etch rate increases linearly with the total HF concentration. This dependence is in accordance with the DR-model as presented in previous work. However, for C HF Ͼ 15 mol kg −1 , the etch rate levels off. This is probably related to a limited dissolution of the aluminum fluoride products under these conditions.
The results of these experiments and the distribution of species in the aqueous HF solution, as numerically calculated, show that the first step in the etch process of AlAs with an HF solution most probably takes place by chemical attack of undissociated HF on AlAs surface bonds. After subsequent reactions with HF, this gives rise to the formation of AsH 3 and ͑hydrated͒ AlF 3 . In principle, the mechanism is similar to the etching of InP in a concentrated HCl solution, in which PH 3 and InCl 3 are formed.
In a second series of experiments the ELO process was studied as a function of P O 2 . Over a P O 2 range varying from 0.046 to 0.98 atm, the etch rate increases slightly with the O 2 partial pressure. For P O 2 = 0.003 atm, however, a significantly lower ELO etch rate is found. According to the present work, the observed decrease is the result of surface passivation by elemental arsenic, which is formed by the reaction of AlAs with H
+ . An oxygen-poor atmosphere may allow the buildup of elemental arsenic on the surface and thus slow down the AlAs reaction with HF; oxygen removes arsenic as As 2 O 3 . The distribution of species in the aqueous HF solution as numerically calculated shows that the probability for surface passivation by elemental arsenic is low. This indicates that the DR-model, which was derived in a previous study, gives a realistic description of the ELO process under the generally applied WI-ELO conditions.
